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ABSTRACT:  The  effect  of  hard  segment  (^^-diphenyl- 
methane  diisocyanate  —  1,4-butanediol)  content  on  the  molecular 
dynamics  of  a  series  of  PTMO-based  segmented  polyurethanes 
was  investigated  using  broadband  dielectric  spectroscopy.  The 
microphase-separated  morphology  and  degrees  of  separation, 
extensively  characterized  in  a  previous  publication,  were  utilized 
to  aid  in  interpretation  of  the  molecular  dynamics.  The  soft 
phase  segmental  dynamics  were  observed  to  slow  slightly,  increase 
in  breadth,  and  decrease  in  strength  with  increasing  hard  seg¬ 
ment  content:  the  influence  of  hard  domains  on  the  soft  phase  segmental  dynamics  is  analogous  to  that  of  crystalline  lamellae  in 
semi-crystalline  polymers.  A  Maxwell— Wagner— Sillars  interfacial  polarization  process,  arising  from  charge  accumulation  at  hard/ 
soft  phase  interfaces,  was  observed  at  higher  temperatures.  The  strength  of  this  process  was  found  to  be  a  rather  sensitive  indicator  of 
the  microphase  mixing  process. 
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■  INTRODUCTION 

Segmented  polyurethane  (PU)  copolymers  are  used  exten¬ 
sively  in  applications  ranging  from  foams  and  coatings  to  medical 
devices.  These  polymers  can  be  synthesized  from  a  wide  variety 
of  isocyanates,  diol  or  diamine  chain  extenders,  and  macrodiols, 
using  convenient  addition  polymerization  methods.  The  nature 
of  the  polymerization  generally  yields  “hard”  segments  with  a 
rather  broad  distribution  of  sequence  lengths.  Consequently, 
polyurethane  microphase  separation  and  chain  dynamics  are 
quite  complex  as  compared  to  diblock  and  triblock  copolymers, 
in  which  the  blocks  have  well-defined  lengths  and  narrow 
polydispersity.  Understanding  the  relationships  between  chem¬ 
istry,  morphology,  and  molecular  dynamics  is  necessary  in  order 
to  tailor  material  performance. 

Depending  on  the  block  length,  hard  segment  content,  and 
chemical  compatibility  between  the  soft  and  hard  segments,  one 
can  obtain  polyurethane  structures  ranging  from  homogeneous 
to  strongly  phase  separated.1  Typically,  the  phase-separated 
structure  consists  of  glassy  (potentially  crystalline)  hard  domains 
and  an  amorphous  soft  phase  having  a  relatively  low  glass 
transition  temperature  (Tg).2  The  hard  domains  serve  as  physical 
cross-links  in  the  soft  matrix,  leading  to  mechanical  properties 
characteristic  of  elastomers  for  materials  with  relatively  low  hard 
segment  contents.3  A  significant  number  of  studies  have  been 
carried  out  to  understand  the  extent  of  microphase  separation  in 
PUs4-11  and  its  effect  on  properties.  The  molecular  mobility  of 
the  polyurethane  is  strongly  dependent  on  both  the  degree  of 
phase  separation,  which  determines  the  composition  of  hard  and 


soft  domains,  as  well  as  the  size  and  connectivity  of  the  hard 
domains.12-15 

Poly(tetramethylene  oxide)  (PTMO)  is  a  commonly  used 
soft  segment  in  polyurethanes  due  to  its  availability  and  well- 
characterized  reactivity  in  polyurethane  synthesis.  The  objec¬ 
tive  of  the  present  study  is  to  investigate  the  effect  of  hard 
segment  content  on  the  molecular  dynamics  of  a  series  of  well- 
defined  PTMO-based  segmented  polyurethanes,  where  the 
concentration  of  4,4/-diphenylmethane  diisocyanate  (MDl)  — 1,4- 
butanediol  (BDO)  hard  segments  is  varied.  Because  of  the 
complexity  of  these  materials  (multicomponent,  multiphase 
systems  with  temperature  and  thermal  history  dependent 
microstructure),  complete  microstructural  characterization  is 
necessary  in  order  to  interpret  the  dynamics.  To  this  end,  the 
same  PTMO  soft  segment  PUs  with  the  identical  thermal 
history  were  used  in  the  present  study  as  were  extensively 
characterized  by  Hernandez  et  al.11  Their  key  microstructural 
characteristics  are  summarized  in  the  initial  portion  of  the 
Results  and  Discussion  section.  Although  some  research  using 
dielectric  ^pectroscopy  on  segmented  polyurethanes  has  been 
reported,1  19  the  present  work  is  the  first  time  that  the 
dynamics  have  been  investigated  on  PUs  where  all  of  the 
important  details  of  the  micro  structure  are  known. 
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■  EXPERIMENTAL  SECTION 


Materials.  The  series  of  segmented  PUs  were  synthesized  using  an 
oligomeric  poly(tetramethylene  oxide)  (Mw  =  1000),  4,4r -diphenyl- 
methane  diisocyanate,  and  1,4-butanediol  using  a  two-step  polymeriza¬ 
tion  process  by  AorTech  Biomaterials  (Scoresby,  QLD,  Australia). 
PTMO— PU  copolymers  having  four  different  hard  segment  contents 
(32.5,  40,  45,  and  52  wt  %)  were  investigated.  Films  were  cast  from  a 
solution  of  the  appropriate  polymer  in  N,N-dimethylacet  amide  (DMAc, 
Biolab  Australia,  minimum  99%  purity)  and  heated  at  328  Kfor  16—18 
h,  followed  by  drying  under  vacuum  at  313  K  for  another  24  h. 

Thermal  Analysis.  Glass  transition  temperatures  (Tg)  were  deter¬ 
mined  using  a  Seiko  220  differential  scanning  calorimeter.  The  response 
was  measured  over  the  temperature  range  of  —90  to  100  °C  at  a  heating 
rate  of  10  °C/min  under  a  nitrogen  flow  of  50  mL/min.  The  soft  phase 
Tg  was  taken  as  the  inflection  point  in  the  DSC  thermogram  from  the 
first  heating  scan  to  be  consistent  with  the  thermal  history  of  the  DRS 
measurements. 

Broadband  Dielectric  Relaxation  Spectroscopy  (DRS).  Sam¬ 
ples  0.1— 0.2  mm  thick  were  sandwiched  between  brass  electrodes  with  a 
top  electrode  diameter  of  2  cm  in  a  parallel  plate  capacitor  configuration. 
Isothermal  relaxation  spectra  were  collected  under  nitrogen  using  a 
Novocontrol  GmbH  Concept  40  BDRS  spectrometer  from  0.01  Hz 
to  10  MHz  on  heating  from  —120  to  200  °C. 

Dielectric  relaxation  strength  (Ae)  and  characteristic  relaxation  time 
(Thn)  were  determined  for  each  relaxation  process  by  fitting  the 
dielectric  loss  to  the  appropriate  form  of  the  Havriliak— Negami  (HN) 
function: 


£*hn(<^) 
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where  a  and  b  are  shape  parameters  where  0  <  a,  ab  <  1.  The  char¬ 
acteristic  relaxation  time  is  related  to  the  maximum  frequency  of 
maximum  loss  by 
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Above  Tg,  the  contribution  from  ohmic  conduction  arising  from  ionic 
impurities  dominates  the  dielectric  loss  (s"),  potentially  masking  dipolar 
processes.  This  conduction  contribution  is  not  manifested  in  the  real 
part  of  the  dielectric  response  (s'),  and  using  a  numerical  approach,  one 
can  approximate  the  “conduction  free”  loss  from  s'.  We  chose  to  apply 
the  straightforward  derivative  method  to  achieve  this,  where  the  ohmic- 
conduction-free  loss  is  determined  from  the  logarithmic  derivative  of  the 
dielectric  constant:20'21 
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Wubbenhorst  et  al.  have  shown  that  this  method  is  a  very  good 
approximation  of  the  “conduction-free”  loss  for  relatively  broad  loss 
peaks  like  those  observed  here,  while  narrow  peaks  appear  much 
narrower  in  £"D  than  in  s" .2l  The  appropriate  derivative  form  of  the 
HN  function  was  used  to  fit  processes  resolved  by  this  method.21 


■  RESULTS  AND  DISCUSSION 

As  noted  earlier,  the  PTMO— PU  copolymers  under  investi¬ 
gation  are  identical  to  those  extensively  characterized  in  an  earlier 
publication,  as  is  their  thermal/process  history.11  In  summary, 
discrete  phase-separated  hard  domains  (~10  nm  in  size)  were 
observed  for  each  PTMO— PUs  using  tapping  mode  atomic 
force  microscopy  (AFM)  (see  Figure  1  for  a  representative  AFM 
phase  image).  No  hard  segment  crystallinity  was  detected  in  any 
of  the  copolymers  using  wide-angle  X-ray  diffraction. 


Figure  1.  AFM  phase  image  of  PTMO— PU  (HS  40%)  from  ref  11  at 
tapping  force  rsp  =  0.85.  Scan  size:  500  X  500  nm2;  phase  scale:  20°. 
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Figure  2.  Frequency  and  temperature  dependence  of  the  conduction 
free  dielectric  loss  for  the  PTMO  copolymer  containing  32.5%  MDI— B- 
DO  hard  segments. 


Degrees  of  hard/ soft  segment  demixing  were  quantified  by  using 
absolute  scattering  intensities  from  small-angle  X-ray  scattering 
(SAXS)  experiments  and  the  general  model  of  Bonart  and  Muller.  2 
The  degree  of  microphase  separation  in  this  approach  is  determined 
as  the  ratio  of  the  experimental  variance  (scattering  intensity)  to  the 
hypothetical  completely  phase  separated  value.  Degrees  of  micro¬ 
phase  separation  for  these  and  other  similar  PU  copolymers  are 
relatively  low,  and  segregation  of  hard  and  soft  segments  is  rather 
incomplete.  In  the  work  published  in  ref  11  the  degrees  of 
microphase  separation  were  found  to  be  ~0.30  for  PTMO-32.5 
and  40  and  0.35  for  PTMO-45,  consistent  with  the  expectation  of 
greater  phase  separation  as  mean  hard  segment  length  increases. 
However,  kinetic  constraints  on  segment  demixing  are  known  to  be 
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Figure  3.  (a)  Frequency  maxima  and  (b)  dielectric  relaxation  strengths 
of  the  y  (solid  symbols)  and  (3  (open  symbols)  local  relaxations. 


important  for  PU  copolymers  having  higher  hard  segment 
concentrations.23'24  Such  an  effect  was  observed  for  PTMO- 
52  in  which  the  degree  of  microphase  separation  for  PTMO-52 
was  determined  to  be  rather  small  compared  to  the  other 
PU— PTMO  copolymers  investigated  in  that  study,  0.16.  Since 
~18  months  had  passed  since  the  earlier  study  and  the  di¬ 
electric  measurements  reported  herein,  we  were  concerned  that 
aging  might  result  in  an  increase  of  phase  separation  during  this 
time  interval.  SAXS  experiments  were  consequently  redone  on 
the  PTMO-45  and  PTMO-52  copolymers.  The  degree  of  phase 
separation  for  PTMO-45  was  identical  within  experimental 
uncertainty  to  that  reported  in  ref  11.  However,  the  measured 
SAXS  invariant  was  found  to  be  more  than  a  factor  of  2  larger  for 
PTMO-52  at  the  time  of  the  DRS  experiments  reported  here 
and  corresponds  to  a  degree  of  phase  separation  of  0.36.  As  will 
be  shown  in  the  next  section,  this  is  entirely  consistent  with  the 
measured  dielectric  relaxation  behavior. 

Broadband  Dielectric  Spectroscopy.  Five  relaxations  are 
observed  in  dielectric  loss  spectra  of  all  copolymers  (see  Figure  2 
for  an  example):  local  glassy  state  motions  (y  and  / 3 ),  segmental 
motion  of  the  soft  phase  (a),  an  additional  low-frequency 
relaxation  (process  I),  and  Maxwell— Wagner— Sillars  interfacial 
polarization  (MWS). 

Glassy  State  Motions.  The  y  process  is  observed  in  the 
spectra  of  all  PTMO— PU  copolymers  and  arises  from  a  local 
relaxation  observed  in  the  glassy  soft  phase  associated  with 


Figure  4.  Dielectric  loss  as  a  function  of  temperature  showing  the  y,  a, 
and  I  processes. 


crankshaft  motions  of  the  ether  oxygen  containing  segments.25 
It  has  an  activation  energy  of  43  kj/mol.  The  small,  slower  local 
process,  /?,  with  an  activation  energy  of  about  65  kj/mol,  is 
associated  with  reorientational  motions  of  water  molecules  and 
is  present  in  a  wide  variety  of  water- containing  systems.26-29 
For  the  case  of  hydrated  polymers,  the  relaxation  is  also  likely  to 
involve  local  motions  of  the  polymer  chain  segments  where  the 
water  molecules  are  attached.  Although  the  PUs  were  well  dried 
prior  to  measurement,  some  residual  water  remains  because  of 
the  strong  interaction  between  the  water  molecules  and  the 
polar  hard  segments  and  ether  linkages  of  the  PTMO  chain 
segments. 

The  relaxation  times  of  the  y  and  /?  processes  are  not 
significantly  affected  by  hard  segment  content  (Figure  3a).  The 
strength  (Figure  3b)  of  the  y  process  decreases  with  increasing 
hard  segment  content,  in  keeping  with  the  reduction  in  the 
PTMO  content  in  the  copolymers.  The  strength  of  the  /?  process 
also  decreases,  indicating  less  residual  water  for  the  more  highly 
phase-separated  higher  hard  segment  copolymers. 

Soft  Phase  Segmental  Motion  and  the  "I"  Process.  At  inter¬ 
mediate  temperatures,  two  relaxation  processes  are  observed: 
an  a  relaxation,  associated  with  cooperative  segmental  motion 
of  the  soft  segment-rich  matrix,  and  the  I  process,  which  as 
will  be  described  below  is  associated  with  the  hard  segments. 
The  I  process  appears  as  a  high-temperature/low-frequency 
shoulder  off  of  the  a  process  and  is  most  clearly  visible  in  the 
temperature  domain  (Figure  4),  its  strength  relative  to  that  of 
a  relaxation  increases  with  increasing  hard  segment  content. 
Because  of  the  overlap  of  the  two  processes,  two  HN  functions 
are  used  to  curve  resolve  these  processes  in  the  frequency 
domain. 

As  hard  segment  content  increases,  the  strength  of  the  soft 
phase  a  process  decreases  as  expected  (Figure  5c),  and  its 
breadth  increases  significantly  (as  does  the  interval  associated 
with  the  change  in  heat  capacity  in  DSC  experiments,  not 
shown):  the  HN  parameter  a  decreases  from  ~0.45  to  0.2  with 
increasing  hard  segment  content.  This  is  most  apparent  when  the 
process  is  normalized  by  the  frequency  and  loss  maxima 
(Figure  5a).  This  demonstrates  that  segments  in  the  soft  phase 
are  relaxing  in  an  increasingly  heterogeneous  manner.  A  reduc¬ 
tion  in  strength,  broadening,  and  slowing  of  the  segmental 
relaxation  is  commonly  observed  for  semicrystalline  polymers 
as  crystallinity  increases;  the  influence  of  the  hard  domains  on  the 
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Figure  5.  (a)  Dielectric  loss  normalized  by  ^Max  and/Max.  (b)  Arrhenius  plot  of  the  a  (solid  symbols)  and  I  (open  symbols)  processes  with  VFT  and 
Arrhenius  fits,  respectively,  (c,  d)  Dielectric  relaxation  strengths  of  the  a  and  I  processes,  respectively. 


Table  1.  Calorimetric  Tg  and  Extrapolated  Tg  (Tref)  from 
DRS 

Tg  (DSC)  ±  3  °C  Tref  (at  r  =  100  s)  ±  5  °C 

HS  32.5%  -45  -48 

HS  40%  -44  -44 

HS  45%  -43  -38 

HS  52%  -35  -39 


segmental  dynamics  of  these  (amorphous)  polyurethane  copoly¬ 
mers  is  analogous  to  that  of  crystalline  lamellae  in  semicrystalline 

.  30,31 

systems. 

The  maxima  of  the  a  processes  (Figure  5b)  shift  to  somewhat 
lower  frequencies  with  increasing  hard  segment  content  and 
follow  a  VFT  temperature  dependence: 

/=/aexp(Ai)  <4) 

where  T0  is  the  Vogel  temperature  and  /0  is  associated  with 
vibration  lifetimes32  and  is  fixed  to  1.59  X  1011  Hz  (t0  =  10-12  s) 
to  reduce  fitting  uncertainties.  The  temperature  coefficient  B  is 
related  to  the  apparent  activation  energy  (Ea  =  BR/(  1  —  T0/ 
T)2)20  and  fragility.  The  Tg  (Tref)  can  be  estimated  from  the 
segmental  relaxation  by  extrapolating  the  VFT  fit  to  T  =  100  s 


(see  Table  l).  Tref  increases  rather  modestly  with  increasing  hard 
segment  content,  as  does  the  Tg  determined  from  DSC  experi¬ 
ments,  and  Tg  and  Tref  are  in  good  agreement  for  each  copolymer 
within  experimental  error. 

One  would  expect  a  hard  domain  a  process  (cthard)  to  be 
observed  in  the  DRS  spectra,  particularly  in  £f'der  spectra  in  which 
losses  arising  from  impurity  ion  conduction  (which  increases  the 
loss  significantly  above  the  soft  phase  a  process)  are  removed 
from  the  spectra.  The  I  process  is  not  associated  with  segmental 
motion  in  hard  domains,  however:  it  is  observed  at  frequencies 
3—4  decades  lower  than  the  segmental  relaxation  but  follows  an 
Arrhenius  temperature  dependence  in  the  measured  frequency 
range  with  an  activation  energy  of  about  70  kj/mol.  The 
frequency  maximum  of  this  relaxation  is  independent  of  hard 
segment  content.  Overlap  of  the  I  and  soft  phase  a  processes  leads 
to  some  uncertainty  in  the  fitted  relaxation  strengths,  particularly 
the  lower  intensity  I  process.  The  fitted  process  I  strengths  for 
three  of  the  copolymers  are  approximately  the  same,  although 
those  for  PTMO-45  are  somewhat  greater  than  the  others 
(Figure  5d).  As  will  be  described  in  the  next  section,  a  strong 
MWS  relaxation  is  observed  at  temperatures  above  the  I  process, 
and  it  is  likely  that  ard  is  obscured  by  the  MWS  relaxation. 

A  relaxation  similar  to  process  I  has  been  observed  for 
PTMO-based  polyurethane  networks  and  attributed  to  cold 
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Figure  6.  Temperature  dependence  of  (a)  the  frequency  maxima  of  the 
MWS  process  and  (b)  the  dielectric  relaxation  strength  with  the  end  of 
the  microphase  mixing  transition,  indicated  by  dotted  vertical  lines. 


crystallization  of  the  PTMO  soft  segments/7'33  but  this  is  not  the 
origin  in  the  present  case  since  1000  molecular  weight  PTMO  soft 
segments  are  too  short  to  crystallize  in  the  PUs  under 
investigation.11  Another  possibility  is  slow  segmental  motion  of 
soft  segments  tethered  at  the  boundaries  of  the  hard  phase,  with 
restricted  mobility.  A  similar  process  has  been  proposed  in  other 
microphase-separated  PTMO-based  polyurethanes33  as  well  as 
in  strongly  aggregated  Zn  neutralized  sulfonated  polystyrene 
ionomers.34  However,  in  some  recent  dielectric  experiments, 
process  I  is  observed  at  the  same  temperature/frequency  position 
and  with  similar  relaxation  strength  for  MDI— BDO  hard  segment 
polyurethanes  containing  soft  segments  with  widely  varying 
chemistry35  (e.g.,  polyether,  poly(  1,6-hexyl- 1,2-ethyl  carbonate), 
and  predominately  poly(dimethylsiloxane),  making  slow  segmen¬ 
tal  motion  of  the  soft  phase  an  unlikely  origin. 

Given  the  Arrhenius  temperature  dependence  and  relatively  large 
activation  energy,  we  propose  that  process  I  is  associated  with  local 
reorientations  of  the  strongly  H-bonded  hard  segment  species 
within  the  hard  domains.  The  decrease  in  strength  of  this  process 
with  increasing  temperature  can  likely  be  attributed  to  the  gradual 
release  of  constraints  (hydrogen  bonds  between  the  hard  segments). 


Maxwell-Wagner-Sillars  Interfacial  Polarization.  In  het¬ 
erogeneous  materials  with  regions  having  different  dielectric 
permittivity  or  conductivity,  interfacial  polarization  occurs  due 
to  accumulation  of  charges  at  the  interfaces.36-38  The  accumu¬ 
lating  charges  behave  similarly  to  a  macroscopic  dipole,  giving 
rise  to  a  dielectric  loss  peak  (Maxwell— Wagner— Sillars  (MWS) 
polarization).  The  MWS  process  appears  in  the  frequency  range 
of  the  loss  dominated  by  dc  conductivity  of  ionic  impurities  in 
soft  phase.  To  resolve  this  process,  the  derivative  formalism  is 
applied,  revealing  a  maximum  in  The  frequency  maxima 
and  dielectric  relaxation  strength  of  the  MWS  process  are 
shown  in  Figure  6  as  a  function  of  temperature.  /max  and  As 
depend  on  the  “contrast”  between  the  soft  matrix  and  hard 
domains,  i.e.,  the  difference  between  their  respective  dielectric 
constants  and  conductivities. 

At  low  temperatures,  exhibits  large  values  (60—100), 

which  are  in  the  usual  range  for  interfacial  polarization  of 
multiphase  polymer  systems.39  On  heating,  Asm^  gradually 
decreases  (or,  in  the  case  of  52%  hard  segment,  remains 
approximately  constant)  for  several  terns  of  degrees  and  then 
decreases  rapidly.  For  some  of  the  identical  copolymers,  we 
demonstrated  previously  (using  temperature  dependent  syn¬ 
chrotron  small-angle  X-ray  scattering)  that  these  MDI— BDO  — 
PTMO  polyurethanes  undergo  phase  mixing  at  elevated  tem¬ 
peratures,  signaled  by  a  decrease  in  scattered  intensity  and 
finally  the  disappearance  of  the  small-angle  scattering  peak.40 
This  is  a  gradual  process,  taking  place  over  a  few  tens  of  degrees. 
A  complex  and  broad  endotherm  is  also  observed  in  DSC 
measurements  in  the  same  temperature  range,  associated  with 
phase  mixing.11'35  The  temperature  dependence  of  A^mws 
mirrors  rather  closely  the  behavior  of  the  total  scattered  intensity 
in  SAXS  measurements.  Therefore,  it  is  possible  to  follow  in 
detail  the  evolution  of  phase  mixing  using  relatively  simple 
dielectric  measurements.  The  sharp  drop-off  in  strength  shifts 
to  higher  temperatures  with  increasing  hard  segment  content 
and  is  very  consistent  with  the  end  of  the  microphase  mixing 
transition  determined  from  the  high-temperature  DSC  endo¬ 
therm  by  Hernandez  et  al.  (indicated  by  the  dotted  lines  in 
Figure  5b).11  This  temperature  shift  is  what  is  expected  for  higher 
hard  segment  copolymers:  higher  temperatures  are  required  to 
solubilize  the  longer  mean  hard  segment  lengths  in  higher  hard 
segment  PTMO— PUs. 


■  SUMMARY 

Dielectric  spectra  of  well-characterized  MDI— BDO— PTMO 
polyurethane  multiblock  copolymers  exhibit  five  dipolar  relaxa¬ 
tion  processes.  Of  particular  interest  are  the  three  that  are 
observed  at  higher  temperatures.  The  soft  phase  segmental 
relaxation  is  strongly  affected  by  changing  hard  segment  content, 
akin  to  the  role  of  increasing  crystallinity  in  semicrystalline 
polymers.  Its  strength  is  reduced  and  the  relaxation  broadens 
considerably  with  increasing  hard  segment  fraction,  demonstrat¬ 
ing  that  the  relaxing  segments  in  the  soft  phase  exist  in  an 
increasingly  heterogeneous  environment.  The  so-called  process 
I,  observed  as  a  high-temperature  shoulder  off  of  the  segmental 
process,  likely  originates  from  local  reorientations  of  the  strongly 
hydrogen-bonded  segments  in  hard  domains,  in  keeping  with  its 
Arrhenius  temperature  dependence  and  relatively  large  activa¬ 
tion  energy.  A  Maxwell— Wagner— Sillars  interfacial  polarization 
process  is  observed  at  the  highest  temperatures,  its  strength 
decreasing  with  increasing  temperature,  tracking  quite  well  with 
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previous  observations  on  hard/ soft  phase  mixing  from  tempera¬ 
ture  dependent  SAXS40  and  DSC.11  The  strength  of  the  MWS 
process  is  demonstrated  to  provide  a  rather  sensitive  indicator  of 
the  microphase  mixing  process. 
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